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ANS NEER Session Extended Abstract

W de Band- Gap Photovoltaics for Nucl ear Energy
Conver si on

Mark A. Prelas, Al exey Spitsyn, Alejandro Suarez,
Eric Stienfelds, Dickerson Mreno, Bia-Ling Hsu,
Tushar K. Ghosh, Robert V. Tonpson, Sudarshan K
Loyal ka and Dabir Vi swanath
Uni versity of M ssouri-Col unbi a

Abstr act

A new chem cal reactor has been tested for Field Enhanced
Di ffusion by Optical Activation (FEDOA) doping and purification
of SiC, GaN and AIN films. Different conditions have been used
on SiC, GaN and Al N sanples including tenperature variation

el ectrical field variation, variations in electrical current and
optical activation. A 5mW (630-680 nm |aser was used for
optical activation. It was observed that optical activation has
a major effect onion drift rates. It was al so observed that the
magni tude of the electrical current also enhanced ion drift
rates by a postulated current drag nmechanism |-V characteristic
curves were neasured to verify changes in the electrical

properties of the sanples. SIMS was used to analyze the
concentrations of inpurities in the film sanples before and
after treatnent. It has been denonstrated that the field-

enhanced diffusion by optical activation nethod can dope and
purify the filns. As a result, the electrical properties of the
wafers have been significantly inproved during treatnent
especially in cases where a |laser is used.

| . | nt roducti on

Energy conversion of the radiation emtted fromradi oi sotopes to
electricity can be achieved using an internmediate step that
creates ultraviolet photons. These ultraviolet photons can be
efficiently transported to a transducer to produce electricity.
This process is known as the Radioisotope Energy Conversion
System (RECS) [1, 2]. The advantage of the RECS is high-energy
conversion efficiency 30% to 50% [3]. One of the keys to the
concept is the developnment of a transducer that converts
ultraviolet photons to electricity. This paper discusses the
devel opnent of w de band-gap photovoltaic cells.



2. Results

The FEDO process, devel oped by the authors, uses a conbination
of tenperature, electric field, optical field and current
density to nove inpurities into (or out of) w de band-gap
materials. Wde band-gap materials are extrenely difficult to
dope and FEDO is one of the few processes that has been
denonstrated for this purpose [4]. The goal is to produce a p-n
junction in SiC, GaN, and AIN. Both SiC and GaN are currently
bei ng used as |light emtting diodes, the FEDO process is able to
renmove unwanted inpurities in the wafer before processing [4].
Addi tionally, FEDO represents an alternative means of producing
a p-n junction in SiC and GaN. FEDO has been used, for the first
time, to add inpurities to SiC and GaN.

A p-n junction has yet to be formed in AIN which is the nost
desirable material for use as a transducer due to the good match
up of its band-gap with the ultraviolet photon energy. The FEDO
process was used to dope AIN with carbon, silicon, and magnesi um
to formp and n type sem conductor. FEDO has been successful in
the addition of these inpurities to AIN and a good first step to
the formation of an AIN p-n junction.

The wultimte question of the conversion efficiency of the
photovoltaic cells will depend upon the quality of the materi al
and of the defect density.

Bi bl i ography

1. E V. Stienfelds, T. Ghosh, M Prelas, R V. Tonpson and S.
Loyal ka, Conputer Sinmulations of Novel RECS Designs Plus
Experi mental Devel opment, Trans. Anmerican Nucl ear Soc., V85,
(I SSN: 003-018X), pp 309-310 (2001).

2. E. V. Steinfelds, T. Giosh, M Prelas, R V. Tonpson and
S. Loyal ka, "The Research and Devel opnent of the Radi oi sotope
Energy Conversion System "™ Trans. Anmerican Nucl ear Soc., V84,
Ameri can Nucl ear Society, (ISSN. 0003-018X), pp 88-89 (2001).
34. M Prelas, E. J. Charlson, E. M Charlson, J. Meese, G
Popovici, and T. Stacy, "Di anond Photovoltaic Energy
Conversion," Second International Conference on the
Applications of Dianmond Filnms and Rel ated Materials, Editors
M Yoshi kawa, M Mirakawa, Y. Tzeng and W A. Yarbrough, MYU
Tokyo, Pages 5-12 (1993).

4. A B. Spitsyn, MA. Prelas, Robert V. Tonpson, T.K. Ghosh,
“I'npurity Rempval from SIC using reversed Field Enhanced
Diffusion with Optical Activation,” Submtted to the Journa
of W de Band-Gap Materi al s.




Acknow edgenents: The authors gratefully acknow edge the
support of this project by the DOE NEER program



Summary of Project

This project has involved a nunber of graduate students,
nmost of which are on fellowships, and faculty. Dr. Alejandro
Suarez (supported on fell owship) conpleted his Ph.D. in Decenber
2001 based on his work with a dianond photovoltaic cell. Dr.
Eric Stienfelds (supported on grant) conpleted his Ph.D. in the
May 2003 based on his work in developing a nodel of the
radi oi sotope energy conversion system Dr. Dickerson Moreno
(supported on grant) conpleted his Ph.D. in January of 2003
based on his work with phosphorous dopi ng of dianond, Dr. A exey
Spitsyn (supported on fell owship) conpleted his Ph.D. in August
of 2003 based on his work of making an Alum num Nitride pn
junction, M. Bai-Ling Hsu conpleted his MS. based his work in
the doping AIN, Ms. Vanessa Vel ez (supported on fellowship) wll
conplete her MS in the Fall of 2003 working on Kr and Ar
excimers, and M. Angel Velez (supported on fellowship) has
started working on this project working on di anond photovoltaic
cells. The key findings of this work are the denonstration of p-
n junctions in diamnd and alumnum nitride. The alum num
nitride p-n junction is the first such junction devel oped and
presents a very exciting technology for the production of not
only electronic structures in alumnum nitride but also a

potential VUV solid state di ode. The ot her mmj or achi evenent was



the production of vacuum ultraviolet excinmer emnmssions from
krypton and argon at 147 nm and 129 nm using a mcrowave
resonant cavity. This cavity design wll allow for very
efficient coupling of mcrowaves to plasma and the high
efficiency production of VUV photons. Finally, our nodeling
study indicates that very high efficiency |ight weight
radi oi sotope electric generators can be produced by scaling of
this technol ogy.

A conceptual rempte power technol ogy, which converts the
energy emtted from radioi sotopes to electrical energy w thout
intermedi ate thermalization of the high-grade ion energy, is the
topic of this proposal. The potential efficiency for this
process, alone, is 40% nuclear energy to electrical energy.
And, if conbined with high-tenperature therm onic conversion the
nucl ear to electrical energy conversion efficiency is 44% while
the overall size of the system wll remain small. These
efficiencies conpare to about 7.5% for the Radioisotope
Therm onic CGenerator (RTG system used in deep space probes
such as Cassini, in which nuclear energy is converted to
el ectrical energy with internmediate thernmalization. The key to
the process is to first convert the high-grade ion energy to
photon energy, which can then be directly converted to

electrical energy. W term this process Photon-Internediate



Direct Energy Conversion (PIDEC). PIDEC is wusable wth
radi oi sotopes, ion-producing plasma (hot) fusion reactions, as
well as fission. In addition to inproved efficiency, the PIDEC
process al so prom ses advantages in volune, mass, and cost.

For application of the PIDEC process with radioisotopes, the
radi oi sotope can be gaseous or solid. Solid radioisotope
material can take the form of an aerosol of radioisotope
m crospheres or thin film wth scale lengths significantly
shorter than the range of the al pha or beta particles, dispersed
in a fluorescer gas. In the first step of the process, the
nucl ear energy is transported to the fluorescer gas, which
converts it into photons. Then, in the second step of the
process, the photons are transported out of the reactor core to
hi gh band-gap photovoltaics, which efficiently convert the
photon energy to electricity. We term this new nobile power
concept, based on the PIDEC process, the Radioisotope Energy
Conver si on System ( RECS).

Ef ficient production of excinmer (non self-absorbing) fluorescers
by ions has been denonstrated, but w de band-gap photovoltaics
are not common at this time. However, several materials — such
as SiC, C (diampbnd), and AIN — with band-gaps that match the
energy of the photons emtted by excinmer fluorescers do exist.

We propose a study to address the bulk of the basic issues in



the RECS in a three-year study.

The Photon-Internmedi ate Direct Energy Conversion (Pl DEC)
process, Figure 1, was first conceived for advanced-fuel high
tenperature (plasm) fusion [1, 2], which, unlike conventional
D-T high tenperature fusion, releases its energy as ions,
rat her than as neutrons. Advanced-fuel high tenperature
fusion, however, will not be available in the foreseeable
future. And, at the time of preparation of this proposal, cold
(solid-state) fusion is still too newto assess its
feasibility. A nore near-term potential source of ions becane
avai l able with the devel opment of the nucl ear-driven
fl uorescer concept for nucl ear-punped |lasers [3]. This concept
makes feasible efficient ion-driven photon sources by renoving
t he nucl ear source material fromthe solid, where it prevented
transm ssion of the photons, and noving it to the vol une of
the fluorescer gas by one of four nmethods; a gaseous
radi oi sot ope, radioi sotopes enbedded in thin filnms or as a
radi oi sotope aerosol. The scale lengths of the thin film
fibers or aerosol are chosen snmall enough so that nost of the
nucl ear energy escapes into the fluorescer gas. The PI DEC
concept and the nucl ear-driven fluorescer concept were
conbi ned to produce the Radi oi sotope Energy Conversion System

(RECS) [4], Figure 3.



RECS utilizes a two-step nmethod for directly converting
the energy of the charged particles from nucl ear reactions
into a usable energy formsuch as electricity, chenicals, or
coherent light. (This basic energy conversion process is
usabl e for any ion producing nuclear reaction.) In the first
step the ions produced by nucl ear reactions transfer their
energy to an internedi ate photon generator — a fluorescer
medi um This portion of the RECS conprises what is called the
nucl ear-driven fluorescer or NDF (a medi um whi ch produces
i ncoherent narrow band el ectromagnetic radiation). In the
second step, the intermedi ate photons fromthe nuclear-driven
fluorescer are absorbed by a material, which converts the
photons into a useful high-grade energy form This portion of
the RECS is the photon energy converter.

The RECS ion source conmes fromthe decay of radioisotopes
di spersed within a fluorescer gas. Effective dispersal is
essential so that the ions produced by the isotope decay deposit
nost of their kinetic energy in the excimer gas rather than in
the radioisotope material. There are at |east four nethods of
achieving the desired dispersal: gaseous radi oi sotopes,
radi oi sot opes enbedded in thin films, or mcroscopic aerosol of
radi oi sotopes. The efficiency of transport of the ion energy

fromthe radi oi sotope to the fluorescer medium varies with the



scale length of the thin film or aerosol, the chem cal form of
the radioisotope, and the wuniformty of the radioisotope
density. The variation of ion energy transport efficiency froma
m crosphere, to the fluorescer nmedium wth thin filns and
m crospheres are discussed in Reference 6. Energy transport
efficiencies are about 50% for reasonably designed thin filns
and 70% for reasonably designed m crospheres. The average atonic
density in the medi um nust be on the order of 1x10™ particles cmi
3. enough to achi eve reasonabl e power densities but not so great
as to significantly degrade the transport of the fluorescence
t hrough the aerosol. Conbining the constraints of efficiency,
and optical transparency determ nes scale length of the thin
film fibers, or mcrospheres and nunber density. For exanple, a
m crosphere diameter of 5 ?m and nunber density of 1x10° cm?,
which should not <create significant absorption of the
fluorescence [7,8], results in a fuel density of 0.63 ng cm?
quite reasonabl e di mensi ons, and good number densities (3.9x10%
atoms cmi® . An alternative, which couples 100% of the ion energy
to the fluorescer medium is a gaseous radioi sotope such as Kr-
85.
Exci mer fluorescers are the nost efficient radiators

known and, because of their unbound | ower |evels, do not self

absorb. They radiate in the single, relatively narrow, band of



wavel engths required for efficient photovoltaic energy
conversion. The intrinsic fluorescence efficiencies of rare-
gas and rare-gas halide excinmers, based on standard Wval ue
theory, are listed in colum 1 of Table 1. Achievable
efficiencies should be near the intrinsic values at the power
and el ectron densities characteristic of nuclear reactions.

Table 1. Theoretical Maximum Intrinsic Photovoltaic, h,,, and lon-to-Electric, h, Efficiencies for Selected Rare-
Gas and Rare-Gas Halide Excimer Fluorescers with Matched Wide-Band-gap Photovoltaic Materials.

Excimer h¢ E (V) Photovoltaic Band-gap hp=E/E hie=hpxh;
Material Energy (eV)
Ar* 05 9.6 AIN 6.2 0.645 0.324
Kr,* 0.47 8.4 AIN 6.2 0.789 0.345
0.47 8.4 Diamond 55 0.655 0.308
Xe* 0.48 72 AIN 6.2 0.861 0.413
0.48 72 Diamond 55 0.764 0.367
ArF* 0.35 6.4 AIN 6.2 0.969 0.339
0.35 6.4 Diamond 55 0.859 0.301
KrBr* 0.33 6 Diamond 55 0.917 0.302
KrCl* 0.31 5.6 Diamond 55 0.982 0.304
Na,* 0.46 2.84 ZnSe 2.7 0.951 0.437
0.46 2.84 SC 24 0.845 0.389
Liy* 0.42 27 CuAlSe, 2.6 0.963 0.404
0.42 27 SC 24 0.889 0.373

E (eV) isthe average photon energy E; isband-gap energy of the photovoltaic materia

In fact one group has reported neasuring nuclear-driven
rare-gas excinmer fluorescence efficiency higher than that
predicted by Wvalue theory [9]. Measurenents of actua
fluorescence efficiencies at various |aboratories, including
Lawr ence Livernore National Laboratory, have denonstrated high
fluorescence efficiencies for excimers. Experinments with a

variety of excitation sources (e.g. el ectrons, fission




fragnments, pr ot ons) and particle densities have given
fl uorescence efficiency values ranging froma few percent to as
hi gh as 68% (see review paper by Prelas, et al. [10]). The nost
efficient excimer fluorescers are the rare-gas exciners.
Nucl ear-Driven Fluorescers are discussed in nuch greater detai
in the paper “Nuclear-Driven Flashlanmps” [10].

The key to the feasibility of the RECS is the photovoltaic
Phot on Energy Converter. The common i npression of
photovoltaics is that they cannot be very efficient. This
m sunder st andi ng comes fromthe fact that photovoltaics are

nost commonly enpl oyed as “solar cells.” And solar cells are
not very efficient, ranging from 10-20% for conmmercial units
and reaching as high as about 25% for | aboratory cells.
However the low efficiency is nore due to the characteristics
of the solar spectrumthan to the photovoltaics devices

t hensel ves, especially for the |aboratory units with
efficiencies of ~25% The problemwith the solar spectrumis
that it is very broadband —its ratio of the average photon
energy to the width (FWHM) of the spectrum (Ewa/ DE) i s about
1. This is good for color vision but quite bad for efficient
energy conversion. For excinmers, however, this ratio is

greater than 10. Under these conditions photovoltaics have

intrinsic efficiencies of 75-95%



Photovoltaic cells for use in photon-internediate direct
energy conversion of electricity will require the devel opnent
of a doped seni conductor nmaterial with a band-gap that matches
the UV radiation. Wth such photovoltaic cells, a system
efficiency of 56% for fusion ion driven fluorescence has been
projected [2, 11]. Studies of fission ion driven fluorescence
indicate that systemefficiencies of about 40% are

possi ble [4, 10].



Accomplishments Under Each Objective

1) Characterization of excimer fluorescence sources (e.g., Kr2* - 8.4 eV photon).
1a) Build an excimer fluor escence sour ce power ed by microwaves for spectroscopy. A
cell will be designed which can test VUV-Visible excimers (Year 1 Objective, Duration-
8 months).
An excimer fluorescence lamp was congtructed using a microwave power source. A cylindrica
microwave resonance cavity was designed for a 2.45 GHz microwave source (See Figure 1). The

cylindrica cavity can be designed to accommodete a fluorescence tube in which the gas flow can be

varied (See Figure?).
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Figure 2. Air-cooled microwave resonant cavity for excimer emission.

The cavity window is made from calcium fluoride. Cacium fluoride is cgpable of transmitting
wavel engths above 130 nanometers. This wavelength is in the vacuum ultraviolet, which means that the
light is absorbed strongly in air. The light path from the window to the filtering and detection system must
be ether an inert gas such as helium or avacuum. The widow is seded to the input aperture of an Acton
vacuum ultraviolet spectrometer. A vacuum ultraviolet multiakai photomultiplyer tube is used for the
detector. It has afused dlicawindow that is cgpable of transmitting wavelengths above 150 nanometers.

The setup is shown in Figure 3.

Hgure 3. Microwave driven excimer lamp and vacuum ultraviolet spectrometer.



The system was tested and operation was demonstrated as discussed next.

1.b) Absolutely calibrate spectra from the excimer fluorescers(Year 1 Objective,
Duration- 3 months).

To calibrate the m crowave driven excinmer |anp, the cavity
efficiency was determned for a variety of rare gases. The

optinmum | ength of the cavity was found for each gas m xture (as

shown in Figure 4).
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Figure 4. Optimzing length of the cavity for Argon gas.

In Figure 4, it is shown that the optinmm I ength of the
cavity is 23.95 cm The Power absorption in an optim zed cavity
for a specific fill gas can then be neasured based on the
m crowave power absorbed and the mcrowave power that 1is

reflected using the power nonitor(see Figure 5). The cavity can



be tuned by using the sliding short and the stub tuners.
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Figure 5. M crowave set up.
For argon, the emssion was optimzed and the

fluorescence at 129 nm was observed (See Figure 6).
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Figure 6. Excimer fluorescence spectrum from Ar.

The intensity of krypton excinmer was al so neasured as shown

in Figure 7.
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Figure 7. Kr vacuumultraviol et spectra. Here the 147 nm exci ner
l[ine is shown

The krypton excinmer production efficiency can be cal cul ated
fromthis data by calculating the optical collection efficiency
fromthe plasma, along its path through the spectronmeter to the

detector and the detector efficiency.



1.c) Determine efficiencies for the production of excimer fluorescence (Year 1

Objective, Duration- 2 months).

The production efficiency can be calibrated with a source of
a known wavel ength or with a calibrated detector. W have a N ST
VUV calibrated detector. The detector was purchased for a
previous project. It nust be recalibrated since its initial
calibration is out of date. This objective could not be achieved
because the calibration procedure was |onger than originally
estimted. We anticipate that the system will be calibrated

early in the second year.

2) Develop photovoltaic cells that have band-gaps, which match the bandwidths of the excimer
photon sources (Diamond - 5.5 eV, AIN - 6.2 eV).

2.a) Obtain polycrystalline or monocrystalline diamond (Year 1 Objective, Duration- 1

month).

We have obtai ned nonocrystalline and pol ycrystalline di anond
plates from Harris Diamond and Mscow State University
respectively. In addition we have obtained silicon carbide and
galliumnitride wafers. The band-gap of silicon carbide is 2.8
eV and the band-gap of galliumnitride is 3.2 eV. P-n junctions
in both silicon carbide and gallium nitride have been formed.
These materials are used in the production of light emtting
bl ue di odes. We have added silicon carbide and galliumnitride

to our list of possible photovoltaic materials due to the



exi sting industry.

2b)  Obtain polycrystalline or monocrystalline AIN (Year 2 Objective, Duration- 1
month).

We have identified a source of high quality nonocrystalline
AN plates. The plates have been ordered and will be shipped
early in the second year of the project.
2.c) Form junctionsin diamond (Year 2 Objective, Duration-12 months).
A p-n junction would exhibit the characteristics of a
cross over point with p and n-type inmpurities in the crystal

lattice (Figure 8).
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Figure 8. Overlap of p-type boron with n-type Li inpurities in



di anond.

Di anond pl ates were doped with boron (p-type) and sul fur (n-
type) inpurities. One of the interesting issues that arose was
the uniformty of the inpurity distribution. As can be seen in
Figure 9, a boron doped dianond plate denonstrated a |arge
ampunt of wvariation in conductivity, an indirect measure of

boron density.

Logaritm of Resgtivity Across Sample 5.1

Figure 9. Two di nensional conductivity of a boron doped di anond



pl at e.

The non wuniform distribution was probably due to the
di stribution of boron powder inpurity on the surface of the
di anond during treatnent.

Sul fur and phosphorous were used as ntype dopants. As
described in appendix 1, sul fur and phosphorous were
successfully added to a di anond crystal.

2.d) Form junctionsin AIN (Year 3 Objective, Duration- 12 months).

As described in appendix 1, silicon carbide, galliumnitride
and alum num nitride were obtained. Both silicon carbide and
galliumnitride are avail able as commercial p-n junctions. A key
for high efficiency photovoltaics is to have as pure a crystal
as feasible. Silicon carbide and galliumnitride have inpurities
that are added to the crystal during growth. The objective was
to see if the silicon carbide and galliumnitride crystals could
be purified. As described in appendix 1, 4-H and 6-H silicon
were purified.

We al so obtained alumnumnitride and to see if the crystals
could be doped. We used C and Si as the n-type material and Ca
and My as the p-type material. As described in appendix 1, we
were able to incorporate |arge anmounts of inpurity into alum num
nitride crystals. One sanple, in which both Mg and Si were used,

did show promn se.



2.e) Characterize surface of diamond (Year 1 Objecive, Duration- 2 months).

The surfaces of our dianond sanple have been exam ned by
scanning electron mcroscope (SEM, Raman spectrum current-
voltage (1V), and x-ray diffraction (see Figures 10 & 11 for

exanpl e) .

ZakyY ¥ Banf iU G@Em

Figure 10. SEM of dianmond fil ns.



Raman Spectroscopy(scheme-l/sample 1)

25000 1

20000 1

15000 1

10000 1

5000 1

Intensity(arbitrary unit)

P 300 600 900 1200 1500 1800 2100 2400

-5000 -
Wavenumber Shift

Figure 11. Raman spectroscopy of diamond film

2f)  Characterize surface of AIN (Year 2 Objective, Duration- 2 months).

This step was acconplished as described in appendix 1.

2.g) Characterizethe optical performance of the diamond photovoltaic cells (Year 2
Objective, Duration- 2 months).

This step is wll be performed as part of year 3 as

candi date inpurities energe.

2h)  Characterizethe optical performance of the AIN photovoltaic cells (Year 3
Objective, Duration- 2 months).

Initial work with AIN filnms is also very prom sing.
Wth the sanples we obtained of 10 to 40 microneter thick AN
films grown on sapphire and silicon from the Institute of
Physical Chemi stry in Moscow Russia, we were able to nake sone

key breakthroughs. The AIN film s carbon, silicon, calcium and



magnesi um contents of these filns were below the detectable
[imt of the SIMS. We used FEDOA to dope sanples of the film
with carbon (graphite), silicon (purified powder), calcium (Ca
powder) and magnesi um (Mj,Si powder). The sanples were anal yzed
with SIMS and with |-V characteristics. In each case, the
results denonstrated that a significant anmount of inpurity was
added to filmand that the film resistance had decreased. Two
results are illustrative of this effort: 1) an n-type and p-type
inpurity can be co-doped into the crystal (see Figure 12) and 2)
an AN p-n junction (see Figure 13). Electrol um nescence studies
of the edge of the structure show distinct |um nescence in the

doped region (Figure 14).
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Figure 12. Shown is a SIMS analysis of AN sanple 4 which used
MJ,Si as the inpurity. It is clear that Si and My entered
the AIN |lattice differently denonstrating the possibility
of form ng junctions.

Qur prelimnary results indicate that FEDOA is a viabl e nmet hod
of doping AIN. It is proposed to extend this research with the
goal of producing a p-n juction in AN for the purpose of
devel oping a ultraviolet photodi ode. W also propose to study
FEDOA as a neans of removing inpurities fromAINfilms. Al so we
would like to further explore the mechanisns of such renoval
process. This potential nethod of inpurity renoval n ght have
commercial applications for many other crystals including SiC

and GaN.
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Figure 13. AIN p-n junction that denonstrated classical 1-V
characteristic of diode (journal

article on this device
under preparation).
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Figure 14. Edge UV | um nescence from doped AIN film

2i)  Develop antireflection coatings cells (Year 3 Objective, Duration- 4 months).

This step was not required because of the high index of

refraction of Al N.

3) Build singletests cell electrical generator using the excimer and the photovoltaic cell, which
best matchesits bandwidth (Year 1 Objective, Duration 3 months).

The basics of the test cell have been assenbl ed as
shown in figure 3.

3.a) Design a system to model a radioisotope driven excimer lamp using a discharge
lamp and optical coupling system (Year 3 Objective, Duration 1 month).

A nodel for design was devel oped as part of the
Ph.D. dissertation of Dr. Eric Steinfelds.

4) Develop modelsfor thetransport of ions, thetransport of photons and the transport of
ionizing radiation. Thiswill guide the experimental aspects of the project aswell as predict
scaling of the portable power generators (Year 1 Objective, Duration- 6 months---Year 2
Objective, Duration 6 months---Year 3 Objective, Duration 6 months).



Fi nding solutions to the standard system of transport
equations is necessary for a full treatment of the transport
anal ysis of conponents 1), conponent 2), conmponent 3), the
beta particles, and the participating photons. Such solutions
are pursued and found in this project by conputational means
and occasionally by sem -anal ytical neans. We are using a
Monte Carl o schene to nodel the general RECS system W
di scuss bel ow sonme sem -anal ytical nethods that support this
effort in sinmulations with easily reproduced i nsightful
exanpl es. Such exanples are good to have for the sake of
having a few benchmark targets for our Monte Carlo sinulations
to be conpared agai nst.

There are some choices of geonmetry for a RECS unit for which
it is feasible to solve the system of transport equations in a
sem - anal ytical manner. For exanmple, if 1), 2), and 3) are
sequentially concentric and all spherically symretric, then the
transport equations of the system can be approxinmted by
di ffusi on equations and al nost exactly solved. This exanple w |
be discussed further towards the end of this discussion of
concepts and theory.

For any of our RECS design, the transport equation for the
bl ue (or UV) photons are nonoenergetic, with photon source

ternms include for inelastically scattering beta particles. In



our nmodel, an inellastically scattering beta particle wll

rel ease a large integral number of nonochromatic blue (or UV)
photons. This integral nunmber shall here be expressed as
‘“het’, 2"*het’, 3" "het’, etc.. The pronptness of the photons
generated by the fluorescing atons varies. In the steady
state, this has little effect on the equations. The transport
equation for the beta particles is divided in a refined, but
approxi mate manner into a systemof N transport equations

whi ch represent the relations for angular fluxes of the beta
particles at any one of N different energy levels. A beta
particle at the nth energy | evel nust rel ease he (E)/(N-1),

2 het” (E,)/(N-1), or (higherinteger)” bet” (E)/(N-1) in terms of kinetic energy
when undergoing an inelastic collision with one of the
fluorescing atons. E, is the average kinetic energy of a beta
particle imediately after em ssion.

For exanple, |let us consider a source consisting of Sr-90
and a choice for fluorescing gas of Krypton (form ng Kr,*).
The mean energy of a beta () fromthe Sr-90 source is
1/ 3546, 000eV, or 182,000eV. The energy of the UV photon
emtted fromthe fluorescing krypton is 8.43 eV [12]. |If we
set ‘het’ equal to 100, then we need 216 different energy
| evel s for the beta'’s, which trickle down in energy in a

i near manner. |If the kinetic energy |ost per beta collision



is 1007 (8.43eV)/(216-1) , 100 nonochromati c UV photons were
produced within the lifetime of the unbound beta particle.
Now t hat a particul ar exanple has been given, let us
consi der the somewhat generalized transport equations that
need to be solved for the betas and photons within the three
significant conponents of the RECS. The over-sinplifications
made in equations (1), (2), and (3) is that each fresh beta
particle has perhaps only a few 100 eV in kinetic energy and
that the number of photons emtted per inelastic beta
collision is either 3 or 6, either of which is a very
m nuscul e nunber for the operation of this nodel.
Nevertheless, with only a little bit of judgnent, equations
(1), (2), and (3) can be nmodified so as to make ‘het’ within
the text equal to a large integer rather than 3 for the nunber
of photons produced. Once the angular flux as a function of
| ocation is determ ned in equation group (1), it is fairly
easy to solve equation (2) for the blue (or UV) photons.
Bel ow we see the group equations (1) for the beta'”? particles

(or al phas) which are cascadi ng downwards in energy.

dy & 1
1) —BL + WeNYg +Sig1Ye1= Sqany— OV sall, dWe+
(1) Vit B1t StB1Y BL S(4,1) e O Yea(r, WO

+ 59(7,1) % (\) Y B7(f, W(D dwe+ Ss(l,l) i (\) Y Bl(r, VV(D dwe

4



dyY g, ~ 1 s
—B% + WeNYgs+SigisYrs= Sg70 — O s7(r, dWe+
vadt B4 t B4Y B4 S(7,4) e (@) s7(r, W

+ Sy104) % (\) Y g1o(r, WO dWE+ Sqa ) % 6 Y ga(r, WO dWE

dY e, N 1 A
+WeNYg;+Sig/Ys7 = S — 0O Y s, dWe+
V7t B7 + StB7Y B7 5(10,7) e O Y so(r, W
+ 83(13,7) i 0 Y 313(r, W(D dwe+ 83(7,7) i o Y B7(r, W(D dwe
4 P

dy o
—BME 4+ WeNY guax + St amaxY Bvax= 0.
Vvag

Bel ow we see the transport equation for the photons which are
produced by the betas (or a ) colliding inelastically with

the fluorescing atons via eximer formation of the atons.

dY ~ 1\
2 + WNeYg+SuYg= Sqg— OV r, W) dWE +
2 o g+ SieYg s<®4DO o1, WO

+ het- Ss(4,1) % o Y B4(r, VV(D dWe+ het2- 83(7,1) % (\) Y B7(r, W(D dwe +

+ het- Ss(7y4) % o Y B7(r, M dWe+ het2- Ss(10,4) % O Y Blo(r, W(D dwe +

+ het: Sqmaxmax-3) % (\) Y svax(r, WO dWE ,
where het=3 and het2=6 .

Wthin the region where the radioi sotope material is present,
an energetically nodest cal cul ational procedure is to use the

approximate relations of the |local flux values for the newy

mobi | e beta'” particles as seen in equations (3a) and (3b).



dy ~ ar o .
(3d —22 +WNeY gya+ St emaY Bmax = 0 _ 1 e ((U Sourceterm ))
V (Max) dt 4
dY 5/ vac. -
(3b) B(—Mds) + WNY gmacs + St svax-yY Bvax-3) =
V (max-3 Ot

SgmM-3) % b Y smax(r, WO dWE

Because of the small width of the radioi sotope (which ought to

be conparable to the mean free path hopefully), it is expected
that only YgmgandYgmare significant within the region of the
radi oi sotope. Analytically (and conputationally) speaking, it
is sufficient to first conpute the functional values of Ygumasg
andYgmay at the boundary which separates the radioi sotope from
the fluorescing gas, within a nean free path. It is useful to
use Y gmag(Moundary, W) ad Y gvax-3)(Fboundary, VW) @S sour ces on the effective
boundary of the source to determine all of the Ygi)(r, W in
terms of their functional relations to distance r. G oup
equations (1) apply to the region of the fluorescing gas.
Briefly the synmbols of equations (1), (2), and (3) will be
expl ained. Yggp,orYs is the angular flux of beta particles of
energy level i. Yg4is the angular flux of a blue or UV photon.
The maxi mum energy | evel matches wyx of Bwx . The beta
particles have Max+1l energy levels. ‘vi’ is the speed of beta

particles |labeled as Bi. Ygis the flux of blue or UV photons.



‘vgis light's speed. Sgiis a particular nacroscopic cross-
section for beta particles |abeled as Bi. Sgq4is the macro
cross-section for beta particles at |evel 7 which drop down to
energy |level 4.

We are inplenmenting a Monte Carl o scheme to calcul ate the
spatial distribution of both the beta as well as the photon
fluxes. We need to store in nmenory the stochastically
generated data of the |ocations and | evels of energy of the
inelastic beta collisions. Then the acting sinulation program
needs to go to the stochastic |ocations of inelastic
collisions and (by applying a Monte Carlo activity generator)
generate ‘het’ or 2"‘het’ or nore nonoenergetic photons. These
generated photons need to be given direction in a random and
preferably with isotropic bias. In the first code, every one
of the final positions of the blue (UV) photons is
stochastically generated and in turn recorded. Wthin
conponent 2), any one location of a beta(-) collision is
equi valent to the location of the transformed fl uorescing atom
or eximer which subsequently emts ‘het’ or 2°°het’ or nore
photons. In order to avoid the tinme cost of individual
processi ngs, the newer conputational sinulation will nost
i kely sanpl e those fluorescing atons which have been i npacted

by beta particles. Only a favored atom of a m nor group sanple



will stochastically generate ‘het’ or 2" ‘het’ photons. The

ot her fluorescing atonms of the group sanple will produce
photons follow ng paths exactly parallel to the photons
produced by the excited favored atom of the sanple. For a
successful conputer sinulation of a desirable RECS unit, the
vast majority of blue photons need to penetrate into conmponent
3) rather than transformng into heat in conponent 2) or
conponent 1) of the RECS.

The Monte Carlo code is still being inproved. However, a few
si npl e exanples for RECS units have been considered. Although
such a design is not nost economical in terms of operation,

t he easiest systemto consider is a RECS unit with conplete
spherical symretry. Such a RECS can be sol ved al nost precisely
by analytical means if we take the liberty to enploy “Fick’'s
Law’:

@ 3() gt =~ 1/ (35) RF (1) , Where

particles

F (r) particles = e‘)Y (r,V\de

By using equation (4) and considerations of flux, equations
(1), (2), and (3) can be approximated as multigroup diffusion
equations. For a spherically symetric RECS unit, the

di ffusi on equations are conceptually easy to solve. The

warning given is that the diffusion equations often do a very



poor job explaining transport of particles across a boundary
of different nmedia. Thus the diffusion solutions found for the
approxi mate representations of equations (1), (2), and (3)

nmust be considered to be of nerely limted accuracy. However,
the solving the diffusive equations here proves that it is not
difficult to nodel RECS units with spherically symretric

geonetry or broad planar ‘sandw ch’ | ayered design.

Photo-Voltaic Cells

jeel

Component 2)

Component 1)
Beta

Fluorescing Gas

Photo-Voltac Cellls

Figure 12. Il lustration of a spherical RECS.

Beta particles travel mainly from conponent 1) (in the central
sphere) into the fluorescing gas, which i medi ately surrounds
conponent 1). The outer spherical shell consists of unifornmy
pl aced photo-voltaic cells with respect the shell surface.

A RECS with spherical symetry is illustrated in Figure
(12). For such a RECS as shown in Figure (10), we get

solutions to the designated diffusion equations in the form



written bel ow. FZ;m(O is the flux of blue (or UV) photons in

t he outer region designated as the ensenble of photo-voltaic

cells.

exp(- Ki™)
r

, Where

5 F. (=P,

t -—
K;m_J34iwm%im)

The anplitude Pyis linearly determ ned by the anplitude of the
flux of the photons in the gaseous region, the anplitudes of
flux of the betas, and ultimtely by the nmagnitude of the

radi oactivity of the source. The flux of the blue (or UV)
photons in the gaseous region is found by solving the

di ffusive representation of equation (2) (Egn (2)), which
accounts for photon sources fromthe fluorescing atom c

exi mers. Wthout going into painstaking detail, the formfor
the diffusive solution of the flux in the gaseous

(fluorescing) conmponent of this RECS is given next. ‘G

stands for gas.

next....

(6) F By

. o &P(K, )
g(r):Aj x++

exp(- K ) .
r

g exp(K, )

.m+é/&mmmpﬂwﬁmmma%+DX——7ﬁ——+naL_
i=1



G
Ingax o exp(- K, X))
A By Atransform(het % +1) x K,

i=1 r

Note that ‘het:-Imax+l equals N, which is the nunber of energy

| evel divisions for the beta particle. In the region of the

source, the diffusive solution is straight forward enough.

source S nh(_ KSOUTCE Xr)
(7) Fg (r): Msourcey r.g -
In keeping with the purpose of a RECS, it is desired to have
the flux for the blue (or UV) photons entering the radioactive

source material to be as small as possible. In the case of the

spherical symretric RECS of Figure (12), we want Pgof F;'a”(r)of

Egqn (5) to be as |large as possible. Wthin the region of
photovoltaic cells, the nunmber of photons absorbed per unit

time to make electricity can be evaluated by the integral:

Rate(of _ Photons  Absorbed) (Tren)
»

‘R2+28abs 2 Tran [o]
8 Aprr2dr §E
®) by photo - voltaic_cell Q prevdr= (A e

The point of equations (5) through (8) is not their accuracy,
but the fact that by al nost analytical neans it is possible to
cal cul ate the photon energy transferred to the photo-voltaic
cells of conponent 3) froma beta emtting source. The Monte
Carlo nethod for transport analysis of course works well for

si npl e designs such as the spherically symmetric RECS of

Figure (10). Moreover, the Monte Carl o nethod shows very



strong prom se for nodeling the photon flux distribution in

nore

el aborate design the *sandw ched” group of boxed

conponents for RECS.

10.
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4~ Post-Doping Cleaning Recipe:

A

Ly
a

|

< Boiled in “agua-regia” for 10-20 minutes
« same cleaning applied after SIMS

|

< ~ 5 rinsedin de-ionized water
-
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4~ Cleaning of Samples Post-Doping |
4‘ reference...

4‘ 2 H,80, and KNO, at 50-600 K for 30 min
N 5 1,50, alone at 550-600 K for 5 min
<

4 Hinse inde-ionized water

3
.
N

|
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|
‘ Results With Diamond
4,

. 4 Suliur for N-Type Dopant
~ < Boron for P-Type Dopant
|

X
5
N

|
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.
N SIMS Standard for Suliur

 Silicon matrix
! ~ 4 tlepth resolution

~300 Angsiroms
5 precision

dccliracy
< )

N
.
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Concentration Profile: H-25
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Arrthenius Plot : H-25,100 nm

-
.
5
.
.
.
)



Slide 38

Concentration Profile: H-36
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Arrhenius Plot: H-36
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Diffusion Goefficients vs. Temp

n coefficients for Sulfur in D

temper:

800

760
0.00E+00 1.00E-14 2.00E-14

n coefficient (cm’/s)

-
.
5
.
.
.
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2

‘ Metallic Conductivity

~ § We made attempts to form Schottky.
contacts using silver paste (as it is
known to do). All'attempts failed and all
contacts were ohmic in nature. The
diamond behaved as a metallic

that increased with temperature instead
of. decreasing as previously observed.

N5
X

~ conductor and possessed a resistance
e |

B

-«
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~ Boron Concentrationat 0.5.m depth (atoms/cm?)
»

S amp le Boron . Boron .
N Concentration Concentration
o + terminal - terminal

|
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Results with o.SiC, 3SiC'and GaN
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Impurity Removal

To remove impurities such as hydrogen, oxygen and boron
from SiC and GaN films by using the forced diffusion
method at high temperatures under an electric potential
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< ~ Concemtration of nitrogen on SIC fllm after treatment under.
varlous conditions as compared with that of the untreateil
p sample #0.

1,0E+20

1,0E+19 +

Concentration, atoms/cc

1,0E+18

0
Depth, microns
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< ~ Concemtration of oxygen on SIC fllm after treatment under.
varlous conditions as compared with that of the untreateil
p sample #0.

1,0E+20

LOE+19 4N
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Concentration, atoms/cc
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Impurity Removal From SiC
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<
Doping of AIN
LN 0

W P-Type Dopant
Be

< Ca
~ S N-Type Dopant
a c

N
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B

|
~ AIN Sample 1, P-Type Ca doping
<.

\
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N AN Samnle 2, N-Tyne Si Doping
8
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%y AINSample 3, N-Tyne € Doning
.
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3 AINSample 4, P-Type My and N-
N Tune Si—Possible Junction
<|
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<
‘ Conclusions
Ay
‘ 5 FEDOA S ameans to microengineer the
! properties of wide bhand gap materials
‘ Demonstrated Beneficial Property Changes
~ Electrical Properties (diamond, SiC, GaN & AIN)
— Canmake junctionsin/diamond

~ — Can purify Sic/antd/GaN
%
N

<
<

— Can dope AIN with N-Type and P-Type dopants
— Canget density crossover inAIN
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‘ Commercialization

~ 5 Semiconductor Industry
Wide Band-Gap semiconductors

Purification
— Diamontd
= SiC

‘~ T |?:‘:
<~ s ToolIndustry

B



